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1. Introduction 
 
1.1 Disturbance dynamics in the boreal forest 
 
Natural disturbance and succession are the two fundamental processes which cycle in 
tandem to prompt regeneration in forest ecosystems (Attiwill 1994, Angelstam and 
Kuuluvainen 2004, Kuuluvainen 2009). Until relatively recently, the progressive 
developmental process of succession was understood to be the main contributor to 
forest dynamics, leading to a predictable and enduring compositional and structural 
climax stage (Clements 1916). More recent understanding integrates natural 
disturbance into models of forest dynamics (e.g. Bormann and Likens 1979, Shugart 
1984, Pickett and White 1985, Attiwill 1994). The disturbance-succession coupling, 
also termed the adaptive cycle (Holling 2001), means that a developmental end-point 
cannot be predicted with the implicit certainty of the classical (Clements 1916) stable 
and self-perpetuating climax stage (Attiwill 1994). Various definitions of disturbance 
have been posited (van der Maarel 1993), but the uniting principle is that of the 
destruction of biomass (Grime et al. 1979), leading to a change in resource 
abundance which can be utilised by new individuals. Disturbance is generally 
understood as “any relatively discrete event in time that disrupts ecosystems, 
community or population structure and changes resources, substrate availability, or 
the physical environment” (White and Pickett 1985). Disturbance thus evokes great 
spatiotemporal variation in the development of forest structure and composition, in 
part though regeneration response (Bormann and Likens 1979, Shugart 1984, Pickett 
and White 1985, Attiwill 1994).  
 
 Historically, fire was generally understood to be the sole important natural forest 
disturbance agent in the European boreal zone (Gromtsev 2002, Wallenius et al. 
2005). The resulting misconceived universal model of boreal forest dynamics held 
that fire causes almost total destruction of the forest stand in a predictable manner 
approximately every 100 years (Wallenius et al. 2005, Kuuluvainen 2009). This 
would naturally result to a coarse-grained forest landscape mosaic of stands in 
different states of post-fire succession, dominated by a single post-fire cohort with a 
corresponding stand structure and relatively low levels of dead wood (Wallenius et 
al. 2005). Typically, this model held that shade intolerant deciduous species would 
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establish first then slowly give way to shade tolerant coniferous species, with local 
disturbance only having significance for a limited time prior to the next stand-
clearing fire. In many areas of the boreal forest - particularly in continental north 
America - fire does indeed regularly cause almost total destruction of the forest at 
stand level (Payette 1992), but it is now known that the disturbance-succession 
coupling exhibits more multifariousness than this simple model of fire-based 
succession dynamics allows for (McCarthy 2001, Angelstam and Kuuluvainen 
2004). Furthermore, stand-replacing fire is not a naturally common disturbance event 
in northern European boreal forests (Wallenius et al. 2005, 2010). 
 
1.2 The dynamics of non-pyrogenous boreal forest 
 
Non-pyrogenous stands occur where specific climatic and edaphic conditions make 
the ignition and spread of fire improbable. The forests of northern Europe which are 
dominated by Norway spruce (Picea abies [L.] H. Karst.) have long been known to 
fall into this category (Sernander 1935, Sirén 1955, Wallenius et al. 2005, Fraver et 
al. 2008) despite the prevailing understanding of the prevalence of stand-cleaning 
fire. In these forests spruce generally co-exists in an admixture with birch (Betula 
pubescens Ehrh. and Betula pendula Roth.) and some Scots pine (Pinus sylvestris 
L.). The accumulation of a thick layer of poorly decomposed organic material and a 
high diversity of standing and fallen dead wood is a universal characteristic of such 
forests. The organic matter on the forest floor not only physically impedes 
regeneration, but also leads to poor nutrient availability and sub-optimal moisture 
and temperature regimes (Pastor et al. 1987). The thickness of the organic layer 
typically increases with latitude. The most northerly Hyloconium-Myrtillus forests 
(sensu Cajander 1926) are therefore the least productive and display an open and 
rather sparse canopy configuration (Sirén 1955).   
 
This poor productivity led to the view that that the boreal Norway spruce dominated 
stands followed an unstable strongly cyclic pattern of growth and subsequent decline 
(Sirén 1955). The cycle was believed to begin with stand clearance due to infrequent 
fire disturbance followed by even-aged stands, firstly dominated by Betula spp., then 
later by Norway spruce. The first even-aged stand was believed to crash rapidly after 
240 years. Sirén (1955) postulated that this decline was due to an autogenic process 
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involving the accumulation of a thick humus layer which resulted in another even-
aged stand after recovery, but this time one totally dominated by Norway spruce. 
This pattern was thought to continue with stands of diminishing vitality until a major 
fire destroyed the stand and the accumulated organic matter thus releasing vital 
growing space for re-initiation of the birch dominated phase of the model. This 
pattern of dynamics would be necessarily result in the presence of two particular 
characteristics: 1) discrete and pronounced stages of regeneration and 2) relatively 
even-aged stands over time (Aakala and Keto-Tokoi 2011). The fact that neither of 
these states are commonly observed suggests that Sirén’s (1955) model may be 
unrepresentative.  
In contrast to Sirén’s (1955) findings, many studies have concluded that Norway 
spruce dominated late-successional forest stands are relatively uneven-aged and sized 
(Hofgaard 1993, Lilja et al. 2006, Fraver et al. 2008). Similarly, other studies have 
failed to record the same mortality patterns (Caron 2007, Hofgaard 1993).  It has 
been posited that Sirén’s (1955) data were spatially and temporally limited, and that 
the time since the last stand-replacing fire was unknown (Shorohova et al. 2009, 
Aakala and Keto-Tokoi 2011).  
More representative models have since been proposed. In contrast with Sirén’s 
(1955) work, it is now understood that the gradual decline of the first birch 
dominated cohort results in an uneven-aged stand structure (Lilja et al. 2005, 
Shorohova et al. 2009). As the pioneer cohort declines, advance regeneration 
recruitment leads to spruce domination, and between 100 and 300 years Norway 
spruce dominated forests experience significant developmental changes resulting in 
high levels of heterogeneity due to the deaths of single trees or small groups of trees 
(Lilja et al. 2005, Shorohova et al. 2009). These disturbances allow birch and other 
non-dominant species to exist even in the late-successional stages. It is generally 
understood that this late-successional stage is perpetuated in the absence of fire or 
catastrophic storms for centuries (Lilja et al. 2005, Wallenius et al. 2005, Fraver et al. 
2008, Shorohova et al. 2009). 
 The regeneration dynamics of non-pyrogenous Norway spruce stands are thus 
motivated by repeated local autogenic disturbance causing the deaths of single trees 
or small groups of trees (Sernander 1936, Qinghong and Hytteborn 1991, 
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Kuuluvainen et al. 1998, Drobyshev 1999, Fraver et al. 2008). This generates highly 
localised, yet significant, changes in the availability of resources which elicit a 
regeneration response at a corresponding scale (Kuuluvainen 1994, McCarthy 2001). 
This mode of dynamics is termed gap-phase dynamics (Watt 1947, Whitmore 1978, 
Runkle 1981, McCarthy 2001). The size of disturbed gaps is generally considered to 
be approximately 200 m2 or less (McCarthy 2001), and in this context corresponds to 
the minimal structure of Pickett et al. (1989). The structure of the resulting stands is 
highly uneven-aged and uneven–sized. In contrast to the relatively coarse-grained 
landscape mosaic where stand-clearing fire dominates, a highly heterogeneous fine-
scale landscape mosaic results. Deciduous species may persist even in the late-
successional stands by colonisation of larger disturbed areas (Leemans 1991, 
Hofgaard 1993, Kuuluvainen 1994). The stand biomass fluctuation in the fire-
succession mode is pronounced. In contrast, the biomass of the stand driven by local 
autogenic disturbance is more stable over time (Bormann and Likens 1979).  
 
1.3 Stability of non-pyrogenous stands 
 
Stability, in terms of recovery after disturbance, must be assessed with reference to a 
baseline (Attiwill 1994, Swank and Waide 1980). The baseline is typically the pre-
disturbance state of the forest (Attiwill 1994), such that the degree of resistance 
(potential to withstand deviation from the pre-disturbance state) and resilience 
(potential to restore the pre-disturbance state) countered against disturbance-driven 
change brings about a corresponding degree of spatiotemporal constancy of the pre-
disturbance state (Swank and Waide 1980). Together these concepts can be 
considered to equate to stability (Attiwill 1994).    
 
Unlike the stability of a static climax stage inherent in the model of community-
succession, stability is now understood as a state which exists relative to the 
spatiotemporal scale of observation (Bormann and Likens 1978, Shugart 1984, 
Jentsch et al. 2002). In the long-term absence of stand-replacing disturbance Norway 
spruce dominated boreal forest can be understood as exhibiting both dynamic and 
stable characteristics, subject to scale-dependency. For example, at the scale of a 
single tree or group of trees, a disturbance event may bring a large change in 
biomass, but at a suitably extended spatial or temporal scale a different picture 
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emerges: the observation of various repeated disturbance and regeneration patterns 
and relatively stable biomass. This is assumed to constitute a shifting steady-state 
forest (Bormann and Likens 1978), with fine-scale variability and relatively even 
spatial and temporal background matrix patterns of tree regeneration at larger-scales. 
The forest is highly uneven-aged and regeneration exists in distinct clumps related to 
the small-scale of the disturbance episodes (McCarthy 2002, Angelstam and 
Kuuluvainen 2004). Such quasi-stability is also understood to be chronologically 
enduring over hundreds of years in the absence of severe disturbance (Aakala et al. 
2009, Shorohova et al. 2009). The scale of observed stability is therefore 
proportionate to the spatiotemporal envelope within which the disturbance agent 
operates.  
 
It is understood, however, that larger-scale and moderately severe disturbance 
episodes may play a greater role in the regeneration processes of late-successional 
Norway spruce forests than previously understood (Aakala et al. 2009, Fraver et al. 
2008). Recent research suggests that such disturbances exhibit an erratic and 
stochastic extent and periodicity (Fraver et al. 2008, Aakala et al. 2009, Aakala and 
Kuuluvainen submitted manuscript). The division of disturbance dynamics into 
stand-replacement and gap-phase is therefore incomplete. A third main category of 
patch dynamics, driven by moderate-severity disturbance, has therefore been 
suggested (McCarthy 2002). Under patch dynamics, disturbance of a significant 
portion of the stand initiates relatively major resource availability changes which in 
turn provoke a response in the vegetation resulting in a coarse-grained landscape 
mosaic of different seral stages (Lewis and Lindgren 2000, McCarthy 2001). Forests 
dominated by patch disturbance are characterized, at the landscape level, by a mosaic 
of seral stages in various stages of stand development (sensu Oliver and Larsen 
1996). This means the affected stands may not exist in a shifting steady-state 
(Bormann and Likens 1978) as extensive areas compositionally and structurally 
differ from the background matrix (McCarthy 2001). These disturbances lead to 
larger even-aged zones of relative structural homogeneity within the stand, and the 
regeneration consequently has a coarser-grained spatial pattern compared to that of 
gap-phase dynamics (McCarthy 2001).The degree of stability under a moderate-
severity disturbance regime is unclear (Aakala et al Fraver et al. 2008) Scale 
dependency dictates that at a suitably extended spatial or temporal scale, relative 
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stability will be encountered. At the stand and landscape spatial scale, however, 
moderate-severity disturbance may lead to a degree of instability (Aakala et al. 
2011). In the absence of further moderate-severity disturbance, repeated gap-phase 
disturbance and successional changes within the patch bring gradual change, and the 
disturbance regime of the patch becomes more akin to that found in the surrounding 
matrix (Lewis and Lindgren 2000). It is thus becoming increasingly apparent that the 
expression of the disturbance-succession coupling and regeneration response is an 
extremely complex multi-scaled phenomenon, actuated by many disturbance agents 
(Angelstam and Kuuluvainen 2004, Kuuluvainen 2009).  
  
1.4 Typical disturbance agents  
 
Disturbance agents can either be autogenic in nature (e.g. insects or pathogenic 
fungi) or allogenic (e.g. fire or wind). Multiple agents usually interact to intensify the 
disturbance effects. In areas of localised disturbance in Norway spruce forests more 
trees are found to be snapped than uprooted (Qinghong and Hytteborn 1991, 
Lännenpää et al. 2008). This type of damage is consistent with fungal attack which 
has caused total structural failure of the trunk under stress from wind or snow-load. 
Species in the genus Coniophora (DC.) are often responsible for this phenomenon in 
Fennoscandia (Lännenpää et al. 2008). Broken crowns due to snow-load and wind 
damage may also make trees more susceptible to fungal or insect attack (Fraver et al. 
2008). Insects often target already weakened trees, further decreasing vigour and 
making the effects of other disturbance agents more pronounced. Herbivores such as 
elk (Alces alces L.) and reindeer (Rangifer tarandus L.) may be important local 
disturbance agents, especially for smaller deciduous trees (Aakala et al. 2008) with 
implications for stand composition trajectories. 
 
Moderate-severity disturbance comes from wind storms, low intensity fire, drought 
and insect attack (Fraver et al. 2008, Ulanova 2008, Caron et al. 2009). Storms can 
even be severe enough to be stand-clearing (Fraver et al. 2008, Ulanova 2008). In 
this way, storms may occupy the functional role of fire to some extent, but the 
severity of the damage is much more variable than is generally the case with fire and 
severe storms are relatively rare events (Ulanova 2008). The likelihood of a tree 
uprooting is not constant across the landscape (Schaetzl et al. 1988).  Furthermore, 
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uprooting often affects more than one tree, with gradual widening of the affected 
area thus creating relatively open conditions compared to single tree-fall events 
(Ilisson 2007, Vodde et al. 2010). In a similar manner, drought may also cause 
relatively severe disturbance over extensive areas but, as with storms, the effects can 
be highly variable within the affected region, although locally severe (Aakala and 
Kuuluvainen submitted manuscript). The severity of many disturbance agents may be 
accentuated by climatic influence (Hofgaard 1993, Aakala and Kuuluvainen 
submitted manuscript).  
 
1.5 The vegetation response to disturbance 
 
The mortality of individual canopy trees can either be sudden or progressive, and this 
determines the rate of resource availability reorganisation, which, in turn, affects the 
regeneration response (Kneeshaw and Bergeron 1998). The diameter and total 
number of the trees which succumb to a disturbance event will affect the size of the 
disturbed area which also alters the degree of change in resource availability. In 
addition, the severity of the disturbance dictates survival of the pre-disturbance 
vegetation which also dictates the mode of recovery.  
 
Despite the understanding that trees exhibit a continuum of regeneration strategies 
exist, the division of trees into pioneer (large gap or patch specialists) or climax 
(small gap specialists) species remains a useful, though somewhat simplistic, 
designation (McCarthy 2001). Climax or shade-tolerant species have the ability to 
establish themselves under shade as advance regeneration, and, consequently, rapidly 
colonise small gaps. Light-demanding or pioneer species often rely larger gaps or 
patches for recruitment. The disturbed area can be filled in three ways: 1) lateral 
expansion of existing large trees, 2) release of suppressed seedlings, 3) establishment 
of new individuals from seeds (in-situ or ex-situ) or buds from an extant bud bank.  
 
The fastest means of infill from low severity gaps is lateral expansion, but in spruce-
dominated forest this is rare due to the morphology of conifers. This may be a locally 
important effect where deciduous trees are abundant and disturbances are very small. 
As spruce is shade-tolerant it can efficiently establish itself and grow under the 
canopy in a manner which birch cannot. After a small disturbance, this advance 
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regeneration can quickly react to changes in resource availability and grow into the 
canopy (Leemans 1991, Qinghong and Hytteborn 1991). Localised disturbed gaps 
therefore generally benefit spruce over deciduous species and perpetuate domination 
through recruitment form the advance regeneration bank (Leemans 1991, Hofgaard 
1993), with birch relying on sprouting to maintain some presence. As dead wood 
may only become a suitable substrate for regeneration after a few decades, it is often 
associated with less open conditions and strong competition on the microsite itself 
(Harmon and Franklin 1989). These conditions often benefit spruce more than 
deciduous species (Iijima and Shibuya 2010).   
 
Where moderately severe disturbance results in almost total canopy destruction in a 
larger patch, the regeneration response elicited differs from that where smaller gaps 
are created. Severe disturbance or repeated widening of gaps by subsequent events 
can create very open conditions in patches. Uprooting areas can remove the advance 
regeneration bank, making conditions further beneficial for the profuse seeds of 
deciduous species (Illison 2007, Vodde 2010). The light intensity may negatively 
impact the growth of spruce advance regeneration seedlings and benefit light 
demanding species such as birch and other deciduous trees (Qinghorn and Hytteborn 
1991, Kuuluvainen and Kalmari 2006). Gap age is also significant. Composition can 
shift more toward deciduous species with larger disturbed patch formation (Qinghorn 
and Hytteborn 1991), but over time even the larger disturbed patches can be 
dominated again by spruce (Drobyshev 1999). Deciduous species generally initially 
dominate a relatively highly disturbed patch by distributing a high amount of seed 
there, and there may also be some seedlings in the advance regeneration bank. 
Typically, these pioneer species are eventually replaced by a new wave of spruce 
advance regeneration which develops under the deciduous canopy awaiting the 
senescence of the large trees (Drobyshev 1999). The spruce undergrowth may 
actually be synchronously established with the birch, but just grows very slowly 
compared to the birch (Lilja et al. 2006). If no further moderate severity disturbance 
occurs then deciduous species may retain some presence through asexual 
reproduction and lateral expansion to fill small gaps, but generally, the deciduous 
component decreases with time since stand initiation due to increased shade and 
competition making conditions less optimal. Birch makes up less of the living stand 
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volume with increasing time since stand replacement, having the least density in 
older stands, but never being totally absent (Hofgaard 1993, Lilja et al. 2006).   
 
The principles of gap dynamics have their basis in the dynamics of temperate 
deciduous forests (Watt 1947). A gap is taken to constitute an area with significant 
resource heterogeneity in comparison to the background matrix. This extension of 
resource gradients prompts a regeneration response. In northern European spruce 
forests, however, the typical physical and biological conditions are very different to 
those encountered at more southern latitudes. Under such conditions ‘gap’ does not 
equate to ‘canopy gap’ as is the case in temperate forests (Kuuluvainen 1994, 
McCarthy 2001). A combination of low sun angles and tree crown morphology 
means that the shadows cast by canopy trees can affect the radiation conditions 
within the disturbed gap area from a considerably remote distance (Kuuluvainen 
1994). Light levels within gaps may not differ significantly from the immediate 
surroundings (Pukkala et al. 1993). Obliquely projected gaps may therefore explain 
regeneration patterns better than typical vertically projected gaps (Ban et al. 1998). 
Furthermore, the canopy is naturally more open, and there is also evidence that 
below-ground interactions determine initial seedling establishment as well as 
survival (Kuuluvainen 1994). Gaps may not therefore correspond to the canopy 
space, but to the root interaction zone which may be considerably different to the 
above ground area (Kuuluvainen 1994). Boreal Norway spruce forests are typified by 
the development of a thick moss-humus layer, so that much of the nitrogen (N) and 
phosphorous (P) exists in forms unavailable for plant growth. Such forests are 
generally N-limited and, to some extent, also P-limited (Sirén 1955, Krause et al. 
1978). Disruption of the dominant trees may result in important changes to the 
availability of these nutrients, and the levels of allelopathic chemicals (Kuuluvainen 
1994 , Zackrisson and Nilsson 1992).  
 
In addition to gap creation, the physical deaths of the gap-maker trees simultaneously 
result in important changes to the forest floor, further altering resource availability 
gradients, albeit at a much smaller scale. The success of regeneration is determined 
mainly by the potential of a particular location for seedling establishment, growth, 
survival and reproduction (Harper 1977). Large logs, stumps and rocks litter the 
surface of late-successional Norway spruce forests. These features of the forest floor 
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are termed microsites, and the scale ranges from centimetres to tens of centimetres. 
Natural disturbance results in alteration of the range and abundance of microsites 
(Harper 1977, Harmon and Franklin 1989). Many studies have confirmed the 
importance of disturbance microsites as ‘safe sites’ (sensu Harper 1977) for 
regeneration (Harmon and Franklin 1989, Hofgaard 1993, Kuuluvainen et al. 1998, 
Zielonka 2006, Kathke and Bruelheide 2010). Both species diversity and 
regeneration have been demonstrated to be related to microsite diversity (Jonsson 
and Esseen 1990, Hörnberg et al. 1995, Lee and Sturgess 2001). Tree recruitment 
may be more accurately described in relation to microsite quality as it can outweigh 
the effects of standing tree basal area and physical gap morphology, especially for 
shade-tolerant spruce (Lundqvist and Fridman 1996, Gray and Spies 1997). Seed 
source, fecundity, predation, dispersal and retention on substrate should not be 
overlooked as other important determinants of regeneration establishment and 
success (Harmon and Franklin 1989, Le Page et al. 2000, Iijima and Shibuya 2010). 
Seed abundance and microsites also affect the spatial structure of the forest through 
influencing regeneration. Disturbance microsites result in benefits relating to 1) 
substrate, 2) position and 3) competition (Harmon and Franklin 1989). 
 
The moss mat on the floor of the forest presents a physical barrier to regeneration 
and is also subject to desiccation. When larger trees fall, they form continuous pieces 
of dead wood. When a fallen dead tree has conditions which are particularly 
beneficial for regeneration, a nurse log may be formed. Norway spruce seedlings 
have been found to be particularly associated with dead wood microsites (Hofgaard 
1993, Kuuluvainen et al. 1998). Dead wood has to decay to some extent before it 
becomes a suitable substrate for regeneration. Seedlings are seldom found on dead 
wood microsites younger than 50 years since fall (Hofgaard 1993, Zielonka 2006). 
The cracks and crevices over which dead wood develops with decay increase provide 
more opportunities for seed retention (Zielonka 2006). The benefits to regeneration 
from dead wood are thought to relate to reduced resource competition and more 
consistent moisture supply (Place 1955, Harmon and Franklin 1989). Other benefits 
may include the alleviation of allelopathic stress (Zackrisson and Nilsson 1992) and 
less disturbance by herbivores (Kupferschmid and Bugmann 2005). Individuals on 
disturbance microsites may also experience differences in radiation and snow cover 
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(Kuuluvainen and Kalmari 2003, Kupferschmid and Bugmann 2005, Iijima and 
Shibuya 2010).  
 
When a tree falls with most of it larger roots intact, it tears up a large section of the 
forest floor in the process. The disturbance therefore affects both the vegetation and 
the soil, and often happens as a result of an unusually strong windstorm. Pit and 
mound topography from uprooted trees may persist for centuries, thus, as with dead 
wood microsites, large variations in the microsites occur as they slowly become more 
level (Lyford and McLean 1966, Ulanova 2008). The removal of the moss-humus 
mat and the production of areas of exposed mineral soil are significant to 
regeneration (Schaetzl et al. 1988), particularly birch (Ilisson et al. 2007,Vodde et al. 
2010). The elevated position of mounds may also lessen herbivore damage Initially 
these areas are relatively free from competition, but young pits and mounds can be 
quite unstable microsites (Ilisson et al. 2007,Vodde et al. 2010). 
  
Although disturbed microsites are often advantageous for establishment, they may be 
less advantageous for long-term survival. Dead wood microsites host epixylic mosses 
and liverworts as well as vascular plants. Other non-tree species become more 
common in latter decay stages and may explain the observed trend of fewer seedlings 
on older logs as they are outcompeted (Harmon and Franklin 1989, Zielonka 2006). 
Intense competition pressure may also result from the clumping of seedlings on 
disturbed microsites (Kuuluvainen and Kalmari 2003, Vodde et al. 2010). Younger 
uprooting microsites are also often quite unstable, with root plates in particular being 
subject to erosion. Uprooting pits have exposed nutrient rich soil, but water, snow, 
litter and eroded soil have a tendency to gather in such depressions making 
conditions harsh for seedlings that have established there (Lyford and McLean 1966, 
Schaetzl et al. 1988, Ulanova 2008,Vodde et al. 2010). Furthermore, N supply may 
be relatively elevated on the forest floor compared to dead wood due to 
mineralisation (Minore 1972, Gray and Spies 1997).  It has been therefore been 
suggested that long-term survival may be more probable on undisturbed microsites 
(Kathke and Bruelheide 2010). Finally, the inherent simplifications of measured 
heterogeneity at any scale may not equate to functional heterogeneity (Bazzaz and 
Wayne 1994). Functional resource levels for plants are different to field measures 
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and models (Bazzaz and Wayne 1994), and determinants may interact to produce 
complex multi-scale effects. 
 
1.6 Summary  
 
Regeneration in primeval spruce forests in northern Europe is reliant on natural 
disturbance (Hofgaard 1993, McCarthy 2001, Kuuluvainen 2003). Disturbance 
destroys dominant trees and creates disturbance microsites which may increase 
resource heterogeneity (McCarthy 2001). Disturbance is generally from autogenic 
agents, and can be described as gap-phase, although more moderate severity episodes 
caused by allogenic agents (mainly storms) may occur (Fraver et al. 2008, 
Kuuluvainen and Aakala submitted manuscript). Smaller gap disturbance is thought 
to perpetuate spruce domination though release of advance regeneration, while birch 
relies on relatively larger-scale disturbances (Leemans 1991, Drobryshev 1999). In 
the absence of moderate-severity disturbance, the forest is likely to exist in shifting 
steady-state dominated by spruce (Bormann and Likens 1979), while moderate-
severity disturbance may fundamentally alter the structure and composition, with a 
greater share of birch arising. Gaps do not equate to ‘canopy gaps’, and the effects 
may not spatially correspond to the physical gap due to naturally open canopy 
morphology, low sun angles and below-ground interactions (Kuuluvainen 1994). 
Furthermore, resource heterogeneity within gaps may interact with, or be secondary 
to substrate effects (Lundqvist and Fridman 1996, Gray and Spies 1997). 
 
Gap, patch and microsite classifications are, to some extent, a methodological utility 
and plants may not respond to measured heterogeneity (Bazzaz and Wayne 1994, 
Gray and Spies 1997). The concept of emergent spatial structural mosaics possibly 
represents a more comprehensive basis for modelling the fundamental principles of 
vegetation response to disturbance (Franklin and Van Pelt 2004). This concept is also 
more in keeping with contemporary statistical methods (Larson and Franklin 2006, 
Beale et al. 2010).  
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1.7 Overall objective and questions 
 
The objective of the study is to provide a quantitative analysis of microsite 
importance for regeneration in primeval (having negligible direct human impact) 
spruce-dominated forests at three areas. A second objective is to examine the spatial 
structure of regeneration, and further, to examine spatial segregation of regeneration 
and canopy strata as indicators regeneration and disturbance interaction. The study 
areas are located in distinct geographic locations with contrasting disturbance 
histories and have all developed for an extended time without the occurrence of 
stand-replacing disturbance. 
 
More specific questions were: 1) Does microsite occupancy significantly deviate 
from availability, and further, does microsite occupancy vary between different 
regeneration strata? 2) Are different regeneration strata spatially correlated and, if so, 
are they spatially cross-correlated with the canopy stratum? 
 
The motivation was to understand to what extent these particular disturbance-related  
phenomena contribute to, or characterise, the regeneration processes in areas with 
contrasting disturbance regimes. This study will enhance understanding of how 
natural disturbance contributes to regeneration processes in Norway spruce 
dominated late-successional stands. This information could assist with benchmarking 
required by alternative silviculture projects, restoration initiatives and conservation 
planning. 
 
The study areas have been the subject of previous studies on dead wood and 
disturbance dynamics (Aakala et al 2009, Caron et al 2009, Aakala et al. 2011).  
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2. Material and methods 
 
2.1 Study areas 
 
The studies were conducted in three different unmanaged spruce dominated forest 
areas in the boreal zone of northern Europe (Fig.  1). The areas differed in their 
climatic classification (Ahti et al. 1968). Two areas were in the northern boreal zone: 
the Pallas-Ylläs National Park in north-western Finland (67?40’N, 24?22’E) and the 
Kazkim river area of the Laplandsky Forest conservation area situated in the 
Murmansk Province of the Russian Federation (68?18’N, 30?22’E). The third study 
area was located in the forest massif between the Dvina and Pinega rivers in the 
middle boreal climatic zone in Arkhangelsk Province, Russian Federation (63?00’N, 
44?10’E). Precipitation is 670 mm/yr at Dvina-Pinega, 500 mm/yr at Pallas-Ylläs and 
550 mm/yr at Kazkim, and exceeds evapotranspiration at all study areas.. The mean 
annual and July temperatures are 1.5?C / 15?C at Dvina-Pinega, -1.1?C /14?C at 
Pallas-Ylläs and -1.2?C /13?C at Kazkim (precipitation and temperature both from 
the FAO CLIM 2.0 database, United Nations Food and Agriculture Organization).  
 
 
Fig. 1. Study area locations. 
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2.2 Study area disturbance history  
 
The study areas have contrasting disturbance regimes (Aakala et al. 2009, Aakala et 
al. 2011). The Pallas-Ylläs stands have apparently escaped allogenic disturbance for 
a period of at least 400 years, but possibly up to 1000 years (Caron et al. 2009). In 
contrast, the majority of the trees at the Kazkim stands represent a distinct relatively 
even-aged cohort which has arisen following a stand-replacing fire that occurred 
1689 (Aakala et al. 2009). These trees are now close to the maximum expected age 
for spruce and therefore natural senescence and consequent increased mortality has a 
pronounced influence on the stand dynamics. The stands at Pallas-Ylläs have a lesser 
proportion of elderly trees, and the dynamics are driven by the deaths of single trees 
or small groups of trees in quasi-equilibrium at the landscape scale. The mortality 
rates of 0.9% and 0.3% respectively for Kazkim and Pallas-Ylläs reflect these 
differences (Aakala et al. 2009).  
 
At Dvina-Pinega, episodic tree mortality defines the disturbance regime. These 
episodes are thought to be due to the combined effects of drought and the spruce bark 
beetle (Ips typographus Wood & Bright.) (Aakala et al. 2011, Aakala and 
Kuuluvainen in press). In a recent event between 1999 and 2004, approximately 21% 
of trees were killed in the studied stands (Aakala et al. 2011).  The disturbance 
regime at Dvina-Pinega is therefore a background of constant small-scale events 
punctuated by infrequent events of moderate severity (Aakala et al. 2011).
 
2.3 Previous studies and stand selection 
 
The study plots at all study areas had been used in previous studies on tree mortality 
and deadwood dynamics (Aakala et al. 2009, Aakala et al. 2011). The stand selection 
was informed by forestry maps, aerial photographs and satellite images. The stands 
were selected as being representative of unmanaged, late-successional spruce 
dominated stands. During the selection process a visual analysis was also made to 
ensure that the stands were edaphically homogenous.  
 
Due to the comparative focus of this study, it was important that the study stands 
were representative of the pristine state and were comparable. This matter was 
17 
 
addressed in the aforementioned preceding studies, which concluded that the Kazkim 
and Dvina-Pinega areas were likely to truly represent pristine forest due to 
geographic remoteness, lack of infrastructure serving the areas and no known history 
of commercial cutting. In contrast to Russia, Finnish forests have long been subject 
to commercial cutting. Pallas-Ylläs is therefore unusual in that the study area has 
apparently escaped this fate. Notwithstanding some unavoidable uncertainty 
regarding the history of the study areas, it has been assessed that the nature of the 
chosen plots and sampling procedures employed allow meaningful comparison of the 
ecological features which are the subject of this study. 
 
2.4 Methods 
 
The field-work and modelling of the data used for describing the stand structure were 
carried out for a previously published study (Aakala et al. 2009, Aakala 2010). Five 
40mx400m plots were used at all study areas, and within them all living and dead 
trees (including fallen dead trees, these components are henceforth referred to as 
overstorey and dead wood respectively) with a breast height diameter at least 10 cm 
(DBH ? 10 cm) were mapped and species, decay class and DBH recorded. In all the 
study plots, tree height measurements were made on a subsample comprising 
approximately half of the total number of trees. The heights of the remaining trees 
were estimated using regression models between DBH and tree height (Aakala 
2010). All trees were also assigned a decay class, following the classification in 
Aakala (2010). Wood volumes were calculated using volume integrals of taper 
equations devised by Laasasenaho (1982).   
 
Within each plot a smaller subplot was used for studying regeneration. The subplot 
was located symmetrically around the plot midsection. At Kazkim and Pallas-Ylläs 
the subplot size was 4 m x 400 m. At Dvina-Pinega the subplot size was 2 m x 400 
m. Within the subplots all trees with a minimum height of 0.1m and a DBH < 10 cm 
were mapped with a longitudinal coordinate only. Thus only the position of each tree 
in terms of distance along the plot was recorded, but not the exact position. Birch 
stool sprouts were included in the counts. Within the subplot DBH was recorded 
where the tree had DBH ? 1 cm. Height was measured for all trees below 1.3 m in 
height, and for the majority of the trees taller than that. Regression models were used 
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to model the heights for the remaining trees with a DBH ? 1 cm (39% of trees in 
Kazkim, less than 0.5% in Dvina-Pinega and Pallas-Ylläs.  
 
Both the transects and the subplots were further subdivided into 49 cells to allow 
spatial structure analysis. The cells were 8mx8m for the overstorey transects and 
8mx4m for the regeneration transects at Kazkim and Pallas-Ylläs, and 8 m x 2 m at 
Dvina-Pinega. Each cell overlapped by 4m with the proceeding cell, and an 4m offset 
at either end of the 400 m transect was allowed to ensure each cell was analogous. 
The basal area of dead wood and living trees (DBH ? 10 cm) were calculated for 
each cell. The number of saplings and seedlings were calculated for each 
regeneration cell.  
 
The type of microsite on which the individual was found growing was recorded 
according to a predefined classification. Microsite type was recorded at 1 metre 
intervals along the longitudinal midsection of the plot, thus providing an inventory of 
available microsites within the plot. A simple four-class system was employed where 
microsites were assigned to one of the following categories: (1) uprooting related (a 
root-plate mound or uprooting pit), (2) dead wood related (on or beside dead wood), 
(3) flat ground (undisturbed) or (4) other.  
 
2.5 Statistical analysis 
 
The significance of microsite occupation was tested using a G-test for goodness of fit 
(Sokal and Rohlf 1995). The regeneration data were segregated into three height 
strata for this test: (1) small seedlings (h ? 0.3 m, DBH < 10 cm), (2) seedlings (h ? 
0.3 m < 1.3 m, DBH < 10 cm) and (3) saplings (h ? 1.3 m, DBH < 10 cm). Birch 
sprouts were removed from the analysis as they are asexual. The G-test for goodness 
of fit (Eq. 1) was used to examine if the occupancy frequencies across the microsite 
categories are different to expected values (the relative availability of microsites). 
The null hypothesis was that microsite occupancy does not deviate from availability. 
The test was also used to examine if the occupancy frequencies between the different 
strata were significantly different, by using the occupancy frequency of one stratum 
as the expected values to test for a significant difference to the observed occupancy 
frequencies of another stratum. 
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The G-test is defined as: 
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where G is the test statistic, o is the observed frequency for a particular microsite 
(occupation frequency), e is the expected frequency for a particular microsite 
(availability frequency). 
 
Spatial correlation functions were estimated for the regeneration abundance (DBH < 
10 cm) and overstorey basal area (DBH ? 10 cm) with spline correlograms. The 
computations were made using the R library package ‘ncf’ (df = 7; Bjørnstad and 
Falck 2001, Version 1.1-3, http://cran.r-project.org/web/packages/ncf/index.html). 
95% upper and lower confidence envelopes were estimated using bootstrapping 
based on 1000 bootstrap samples (Bjørnstad and Falck 2001).  
 
Spatial cross-correlation functions were estimated with the same package (df = 7), 
and 95% confidence limits were estimated with 1000 bootstrap samples. In this 
manner the spatial cross-correlation between the abundance of seedlings (h < 1.3 m, 
DBH < 10 cm), and saplings (h ? 1.3 m, DBH < 10 cm), and between the basal area 
of the overstorey stratum (DBH ? 10 cm) and abundance of the regeneration strata 
were tested.  
 
Spline correlograms yield two values of ecological significance. The first is the value 
of the spatial correlation at a lag distance of 0 (y-intercept). This value shows the 
strength of local clumping (positive values) or dispersal (negative values) between 
the tested variables. The value of the x-intercept shows the spatial upper limit to the 
clumping or dispersion. This method facilitates detection of spatial correlation of 
variables which is not possible with other bivariate statistical methods. 
20 
 
3. Results 
 
3.1 Stand characteristics 
 
The densities of living overstorey trees (DBH ? 10 cm) were similar at Pallas-Ylläs 
and Kazkim, but higher at Dvina-Pinega (Table 1). The volume of overstorey trees at 
Dvina-Pinega was also higher than that of the other two study areas at 150 m3/ha, but 
in contrast to the density, the overstorey volume of 66 m3/ha at Kazkim was much 
lower than at Pallas-Ylläs 106 m3/ha. The density of seedlings (h < 1.3 m, DBH < 10 
cm) and saplings (h ? 1.3 m, DBH < 10 cm) was similarly elevated at Dvina-Pinega, 
at 5635 and 1023 per ha respectively for seedlings and saplings. The other two study 
areas had more similar seedling densities at 1239 per ha at Pallas-Ylläs and 1303 per 
ha at Kazkim. At Kazkim the density of saplings was 1.2 times greater than the 
seedling density. At Pallas-Ylläs saplings were only 0.3 times as dense as seedlings, 
and 0.2 times as dense at Dvina-Pinega.  
 
Table 1. Living tree volumes and densities in the three study areas (standard 
deviation is in parenthesis). 
Density (number/ha)
  Living trees (DBH ? 10 cm) 502 (76) 458 (59) 452 (39)
  Living trees (DBH < 10cm)
    Seedlings (h < 1.3 m) 5635 (2754) 1239 (326) 1303 (469)
    Saplings (h ? 1.3 m) 1023 (200) 418 (186) 1555 (244)
Volume (m3/ha)
  Living trees (DBH ? 10 cm) 150 (21) 106 (17) 66 (7)
 (values in parentheis are standard deviation)
Component Dvina-Pinega Pallas-Ylläs Kazkim
 
The species composition of both the overstorey and regeneration at Dvina-Pinega 
and Pallas-Ylläs was dominated by spruce (Table 2). The species composition of 
regeneration at Kazkim was dominated by birch, while Dvina-Pinega had the lowest 
proportions of birch in all components. There was no asexual birch regeneration 
(sprouting) at Dvina-Pinega. At Pallas-Ylläs 11.4% (SD 11.9) of regeneration was 
sexual (from seed) and 88.7% (SD 11.4) asexual, whereas at Kazkim 48.8% (SD 
38.8) was sexual and 51.2% (SD 30.8) asexual. 
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Table 2. Species composition of forest stand components in the three study areas. 
Spruc
e
Birch Pine Spruce Birch Pine Spruce Birch Pine
Density (number/ha)
  Living trees (DBH ? 10 cm) 92.0 7.9 0.1 66.0 32.3 1.7 62.3 36.6 1.1
(9.6) (9.7) (0.1) (8.2) (7.0) (2.1) (8.4) (8.1) (0.7)
  Living trees (DBH < 10 cm)
    Seedlings (h < 1.3 m) 90.7 9.3 0.1 65.4 33.6 1.0 14.4 85.5 0.1
(3.6) (3.6) (0.1) (9.9) (9.2) (1.2) (11.4) (11.3) (0.2)
    Saplings (h ? 1.3 m) 85.2 14.8 - 63.7 35.3 1.1 12.6 87.4 -
(10.1) (10.1) - (14.9) (13.7) (1.8) (6.6) (6.6) -
Volume (m3/ha)
  Living trees (DBH ? 10 cm) 87.6 12.0 0.2 77.6 17.4 5.4 77.0 19.6 3.6
(12.2) (12.5) (0.4) (9.9) (5.9) (5.8) (7.0) (5.9) (2.6)
 (values in parentheis are standard deviation, values may not total 100% due to rounding)
Component
Dvina-Pinega Pallas-Ylläs Kazkim
 
3.2 Microsite availability and regeneration  
 
The observed frequencies of microsite availability showed flat ground to be the most 
abundant category at all study areas (Fig. 2). Of available microsites, 68% and 74% 
at Pallas-Ylläs and Kazkim respectively were undisturbed flat ground, and 40% at 
Dvina-Pinega. Approximately 60% of microsites at Dvina-Pinega were disturbance 
related, with an even split (30% each) between dead wood and uprooting related 
microsites. At Pallas-Ylläs some 15% of microsites were dead wood related and 10% 
uprooting related, while at Kazkim the frequencies were approximately 14% and 
12% for deadwood and uprooting related sites respectively.  The microsite 
availability frequencies were more similar at the two northern-boreal areas than at 
Dvina-Pinega in the middle-boreal zone.  
 
At all study areas the microsite occupancy frequencies of small seedlings of spruce 
and birch deviated from the availability frequencies (Fig. 2, Table 3). However, the 
microsite occupancy pattern for spruce saplings at all study areas did not 
significantly deviate from the available microsite frequencies (Fig. 2, Table 3). The 
occupancy pattern for birch saplings at Pallas-Ylläs resembled more closely the 
available microsite frequencies. A similar pattern was seen at Kazkim, where the 
occupancy distribution of birch did not deviate from the surveyed frequencies (Fig. 
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2, Table 3). A different pattern of microsite occupancy was evident for birch saplings 
at Dvina-Pinega. Microsite occupancy was more consistent between strata for birch, 
with dead wood-related microsites being consistently important, and the occupancy                                   
frequencies deviating from the availability frequencies. 
 
Table 3. G-statistic for the occupation frequency deviation from the availability 
frequency. A significant p-value means that the occupancy significantly deviates 
from the availability. 
Spruce Birch Spruce Birch Spruce Birch
113.7 73.5 48.6 142.6 152.3 312.6
(***, n=1064) (***, n=95) (***, n=302) (***, n=14) (***, n=32) (***, n=157)
62.4 60.6 48.1 188.8 78.2 33.2
(***, n=982) (***, n=112) (***, n=327) (***, n=9) (***, n=100) (***, n=263)
4.99 64.84 4.8 26.4 1.43 1.53
(n.s., n=343) (***, n=66) (n.s., n=200) (***, n=11) (n.s., n=157) (n.s., n=465)
Seedlings (h < 1.3 m, 
DBH < 10 cm)
Saplings (h ? 1.3 m, 
DBH < 10 cm)
 (* p<0.05, *** p <0.001, n.s. not significant)
Variable
Dvina-Pinega Pallas-Ylläs Kazkim
Small seedlings (h ? 0.3 
m, DBH < 10 cm)
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Fig. 2. Frequency of microsite availability (left) and microsite occupancy (right) for  
different regeneration size classes in the study areas (stands pooled within areas). 
The microsites are: (1) flat ground (undisturbed), (2) dead wood related (on or beside 
dead wood), (3) uprooting related (a root-plate mound or uprooting pit) or (4) other. 
 
3.3 Spatial correlation  
 
Regeneration (of both spruce and birch) in the Pallas-Ylläs stands displayed positive 
spatial correlation at distances between 25 to 40 m, and was statistically significant 
in four of the five stands (Fig. 3).  The spatial correlation was less similar between 
stands at the other study areas, despite positive spatial correlation being exhibited in 
some stands (Fig. 3). 
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At Pallas-Ylläs spruce seedlings and saplings showed significant spatial correlation 
in some stands at a relatively consistent strength and scale (32 - 52 m), but the birch 
strata did not show any consistent relationship (Table 4). However, this may well be 
partly driven by the very small number of birch seedlings and saplings (only 25 birch 
seedlings recorded over the entire 0.8 ha sampling area covered by the subplots).   
 
Dvina-Pinega exhibited spatial correlation in the sapling strata of both birch and 
spruce at distances between 32 and 81 m. Birch was more abundant than at Pallas-
Ylläs in the 0.4 ha subplot. The spatial correlation in the sapling stratum was stronger 
at Dvina-Pinega than the other study areas. The birch seedling stratum at Dvina-
Pinega also displayed some spatial correlation in two of the five stands at distances 
between 27 and 30 m.   
 
At Kazkim both strata of both species exhibit exhibited some relatively strong spatial 
correlation. The distance over which the correlation was displayed was inconsistent. 
There was seedling spatial correlation at distances between 33 and 86 m and amongst 
the saplings between 33 and 108 m. No significant and consistent spatial cross-
correlation was found between either seedlings or saplings of spruce or birch and 
overstorey basal area (Fig. 4).  At all study areas there was a general trend of 
segregation for spruce seedlings and canopy trees, and while none of the 
relationships were significant there was general consistency. The relationships of the 
other strata show little consistency. Segregation of birch seedlings and canopy trees 
of marginal significance was observed on two transects at Dvina-Pinega.  
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Fig. 3. Spatial correlation of regeneration (DBH < 10 cm). Dashed line indicates 
95% confidence envelope. 
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Table 4. Summary of spline correlogram analyses of regeneration by study area and 
transect. 
x intercept y intercept x intercept y intercept x intercept y intercept
110.91 0.22 31.88 0.32 47.36 0.25
(-60.18, 175.79) (-0.07, 00.57) (-118.56, 67.37) (-0.08, 0.90) (-134.74, 133.57) (-0.13, 0.93)
90.15 0.40 41.84 0.57 20.83 0.25
(45.95, 123.86) (-0.03, 0.91) (20.73, 144.06) (0.11, 1.24) (-80.86, 163.81) (-0.04, 1.10)
57.92 0.23 52.34 0.51 55.59 0.55
(-68.33, 176.06) (-0.09, 0.74) (10.13, 190.14) (0.02, 1.55) (33.17, 189.92)  (0.13, 1.50)
-130.37 -0.02 48.75 0.65 74.17 0.74
 (-217.80, 152.20) (-0.28, 0.20) (29.05, 174.37) (0.16, 1.86) (58.88, 111.56) (0.16, 1.96)
25.10 0.26 24.56 0.33 40.65 0.50
 (-98.66, 147.68) (-0.11, 0.92) (-61.66, 151.23) (-0.02, 1.01) (16.33, 77.40) (0.08, 1.25)
122.10 0.28 17.05 0.20 29.96 0.34
(-46.56, 357.69) (-0.01, 1.74) (-79.49, 45.78) (-0.12, 0.58) (-85.26, 130.23) (-0.04, 1.35)
30.39 0.33 31.83 0.35 33.34 0.50
(-36.19, 98.04) (0.01, 0.83) (-75.00, 119.64) (-0.01, 1.34) (19.87, 58.01) (0.09, 1.41)
25.60 0.17 26.21 0.23 129.67 0.43
(-211.52, 140.30) (-0.01, 0.76) (-102.78, 177.25) (-0.11, 0.65) (39.67, 225.43) (0.03, 1.12)
140.24 0.13 30.67 0.22 86.35 0.65
(-102.17, 188.00) (-0.22, 0.68) (-215.28, 147.16) (-0.14, 0.99) (60.72, 128.56) (0.16, 1.41)
26.70 0.29 62.34 0.34 39.47 0.33
(-151.63, 58.23) (0.10, 1.65) (-13.53, 298.40) (-0.04, 1.56) (-54.91, 149.48) (-0.02, 1.22)
35.51 0.57 31.85 0.46 33.52 0.39
(20.18, 77.32) (0.06, 1.82) (10.83, 70.15) (0.06, 1.08) (9.89, 152.31) (0.03, 0.84)
27.20 0.30 34.96 0.67 50.15 0.36
(-40.29, 139.27) (-0.01, 0.83) (25.42, 61.44)  (0.25, 1.23) (-37.08, 75.21) (-0.04,0.91)
24.54 0.33 127.41 0.19 64.05 0.27
(--3.11, 65.08) (-0.01, 0.82) (-40.73, 186.08) (-0.11, 0.55)  (31.35, 151.35) (0.05, 0.50)
40.24 0.25 34.28 0.44 57.58 0.87
(-90.64, 112.80) (0.12, 0.64) (16.42, 119.59) (0.16, 0.82)  (43.62, 84.15) (0.20, 2.29)
55.37 0.40 34.23 0.41 18.11 0.12
 (3.42, 78.24) (0.01, 0.83) (2.00, 53.28)  (0.01,1.19) (-168.75, 87.30) (-0.21, 0.52)
160.28 0.25 28.89 0.31 28.30 0.17
(-41.91, 202.15) (-0.01, 1.12) (-59.01, 221.27) (-0.02, 1.18) (-134.66, 122.40) (-0.21, 0.74)
36.24 0.51 55.50 0.32 39.53 0.61
(16.44, 203.86) (0.08, 1.42)  (-39.42, 97.46) (-0.06, 1.00) (26.68, 66.67) (0.15, 1.23)
31.91 0.55 101.18 0.04 50.57 0.54
(17.42, 198.06)  (0.10, 1.48) (-128.43, 172.97) (-0.29, 0.44) (23.74, 163.79) (0.12, 1.31)
80.90 0.58 28.93 0.18 107.62 0.55
(38.20, 98.00) (0.17, 1.44) (-199.95, 155.09) (-0.20, 0.86)  (18.44, 159.41) (0.07,1.75)
- - 29.76 0.27 27.01 0.29
- - (-114.27,242.55) (-0.07, 1.22) (-75.84, 129.09) (-0.07, 1.24)
 (values in parentheis are 95% upper and lower confidence limits)
Kazkim
Variable Transect
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Fig. 4. Spatial cross-correlation of overstorey basal area and regeneration 
components. All five transects are shown on a single plot, confidence envelopes are 
omitted to maintain clarity. 
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4. Discussion  
 
4.1 Limitations 
 
Comparative studies have some characteristic limitations. Establishing typicality of 
the results is particularly problematic. Comparative case studies are always subject to 
this shortcoming. This study has, however, documented the processes and conditions 
for three study areas which do indeed lie within the range of variability for northern 
primeval spruce forests, and the findings are broadly in agreement with other studies 
(Hofgaard 1993, Kuuluvainen and Kalmari 2003, Fraver et al. 2008).  
 
In addition, the classification of microsites is a somewhat subjective qualitative 
assessment. As such, there may be inconstancies within this study and between other 
studies, and this shortcoming has been borne in mind when evaluating the results. No 
quantification of possibility of gap and substrate interactive effects on regeneration 
was made. This is significant as gap and microsite have been found to interact to 
some extent (Gray and Spies 1997, Lilja et al. 2006, Kathke and Bruelheide 2010). 
As the spatial structure studied is subject to scale-dependency there is always the risk 
that the relationships may vary with scale (Beale et al. 2010, Larson and Franklin 
2006) The scale of observation of spatial correlation has been found to affect both 
the strength and spatial extent of relationships (Larson and Franklin 2006).  
 
4.2 Species composition 
 
The results of this study demonstrate the effects of the known disturbance regimes on 
stand composition are generally as expected. It would appear that at Pallas-Ylläs a 
long history of localised disturbance (Aakala et al. 2009) has resulted in domination 
by spruce, with birch mainly sustaining a presence through dependence on asexual 
reproduction. This is demonstrated by the numbers of seedlings and saplings of 
sexual origin in the microsite preference study in comparison to the regeneration 
composition proportions which include sprouts. At Dvina-Pinega the high proportion 
of spruce in the canopy and regeneration strata suggest that a history of localised 
disturbance has favoured spruce. The more recent mortality episode at Dvina-Pinega 
(Aakala et al. 2011) may have created conditions more suitable for elevated levels of 
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birch regeneration which could alter the compositional trajectory. In the Kazkim area 
the moderate-severity disturbance (Aakala et al. 2009) resulting from the 
simultaneous senescence of the relatively even-aged post-fire spruce cohort has led 
to conditions which have stimulated precipitous birch regeneration. It is understood 
that smaller gaps due to the death of single trees or pairs of trees promote directional 
succession towards a forest dominated by shade-tolerant Norway spruce, while larger 
patches resulting from larger-scale disturbance allow the recruitment of both pioneer 
and climax species (Leemans 1991, Hofgaard 1993, Drobyshev 1999, McCarthy 
2001). These findings are therefore consistent with the understanding that shifts in 
composition in favour of deciduous species can be stimulated by moderate-
disturbance episodes, the long-term absence of which perpetuates spruce domination.  
 
4.3 Microsite occurrence and occupancy 
 
The deadwood microsite availability frequencies in the five stands (0.4/0.8 ha) 
broadly concurred with previous studies in unmanaged forests. In a spruce forest 
Kuuluvainen and Kalmari (2003), classified 28% of microsites as either on or beside 
dead wood, while Kuuluvainen and Juntunen (1998) classified 17% of their sites as 
dead wood related in a pine forest. The uprooting microsite availability at all study 
areas was also accordance with the typical 7-25% coverage described by Ulanova 
(2000).  The frequencies of flat ground were slightly elevated compared to 
frequencies reported in similar studies, for example Kuuluvainen and Kalmari (2003) 
found 47% of microsites were flat ground at a disturbed Norway spruce dominated 
forest in southern Finland. In general, however, the abundance of the various 
microsite classes is consistent with those expected in primeval boreal spruce forest 
(Hofgaard 1993, Kuuluvainen and Kalmari 2003, Ulanova 2000). 
 
This importance of disturbed microsites for regeneration establishment in primeval 
spruce forests was confirmed by the significant preference for disturbed microsites 
by the smallest strata of both species at all areas. The most abundant microsites at all 
areas were flat ground, but these were not the most suitable for regeneration 
establishment. Other studies have attributed this effect mainly to less competition 
and better moisture supply (Harmon and Franklin 1989, Gray and Spies 1997, Iijima 
and Shibuya 2010). The moss-humus mat on the forest floor is prone to drying out, 
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and drought has been recorded as a significant disturbance factor at Dvina-Pinega 
(Aakala and Kuuluvainen 2011). The possibility for disturbed microsites 
(particularly dead wood) to disproportionately retain seed should also be borne in 
mind as a potential causal agent (Zielonka 2006, Iijima and Shibuya 2010). In 
particular, the abundance and lightness of birch seed could be a factor in the 
colonisation of disturbed spots over flat ground (Kuuluvainen and Juntunen 1998). 
The preference for uprooting microsites by the smallest birch strata at the two 
northernmost areas is in accordance with the understanding that these areas often 
have a large proportion of spruce advance regeneration removed and exposed 
mineral soils which benefit birch (Ilisson et al. 2007, Vodde et al. 2010). 
 
 The expected elevated importance of disturbed microsites for long-term survival of 
spruce was not demonstrated, however, as spruce saplings did not show a significant 
preference for disturbed microsites at any area. Birch saplings at the two 
northernmost areas showed a similar trend. The previously discussed subjectivity 
inherent in microsite classification may, in part, have influenced this result. Saplings 
will often be found on older microsites than seedlings. Such microsites may resemble 
flat ground, and this possibly accounts in part for the elevated numbers of saplings 
recorded on such microsites. Nevertheless, disturbed microsites may be less 
significant for survival than establishment.  
 
Spruce seedlings are known to be subject to high mortality risk (Leemans 1991, 
Hofgaard 1993). Decreased vigour of spruce regeneration on disturbed microsites has 
been recorded (Szewczyk and Szwargrzyk 1996, Kupferschmid and Bugmann 2005, 
Kathke and Bruelheide 2010). Possible agents of increased mortality on disturbed 
microsites are numerous. Concentration of seedlings on microsites with optimal 
conditions for regeneration can lead to intense inter-seedling competition 
(Kuuluvainen and Kalmari 2003). Competitive stress on tree seedlings may also 
increase as the moss mat thickens with time (Harmon and Franklin 1989, Hörnberg 
et al. 1997, Zielonka and Niklasson 2001). When the moss mat is thinner, 
competition and moisture conditions may be beneficial for spruce regeneration, but 
as the mat thickens competition may increase and there may also be an increased risk 
of drought (Harmon and Franklin 1989, Iijima and Shibuya 2010). The survival and 
growth of seedlings into the sapling stratum may also depend on changes related to 
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the dominant tree stratum which may interact with substrate-related factors. Gray and 
Spies (1997) recorded that dead wood microsites may decrease in significance under 
more open canopy conditions in a somewhat analogous north American boreal forest. 
 
Survival of seedlings on uprooting microsites can also be problematic (Ilisson et al. 
2007). At the Kazkim and Pallas-Ylläs areas small birch seedlings show some 
preference for uprooting microsites, but this is not seen in the larger strata and most 
saplings were found on flat ground. Uprootings are particularly unstable microsites, 
thus despite being conducive for birch establishment, mortality risk is elevated. 
Again, microsite classification inconsistency could account for this result, with old 
uprootings being particularly difficult to differentiate from undisturbed land. 
 
Dead wood microsites were demonstrated to be significantly important to birch 
saplings at Dvina-Pinega, and spruce also demonstrated some increased reliance on 
such microsites, although the relationship was not significant. As previously 
discussed, the composition of the stands at this area suggests that the disturbance 
regime relies mainly on gap disturbance (Aakala et al. 2009). The predominance of 
small gap disturbance and the comparatively less open canopy formation at this area 
means that conditions are not precipitous for prolific birch regeneration. When 
growing in such conditions, dead wood microsites may have more ecological 
significance for regeneration success (Gray and Spies 1997). Drought is known to 
play a role in this area, and this may also be a significant factor. At Kazkim the 
disturbance history and naturally sparse canopy could mean that disturbance 
microsites are less important for both birch and spruce saplings (McCarthy 2001, 
Drobyshev 1999).  
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4.4 Spatial structure of regeneration  
 
The Pallas-Ylläs stands are understood to have escaped significant allogenic 
disturbance for an extended time which should yield lead to a shifting-steady state 
mosaic within the stand (Bormann and Likens 1979, Caron et al. 2008, Aakala et al. 
2009). The consistency of the scale (up to 52 m) of the spatial correlation patterns for 
spruce seedlings and saplings across all five transects at Pallas-Ylläs was therefore 
expected.   
 
In contrast to spruce, birch regeneration at Pallas-Ylläs showed no significant 
clumping. The forests at Pallas-Ylläs are naturally sparse compared to Dvina-Pinega, 
and birch is a relatively minor component which could make a spatial structure 
difficult to detect. The repeated local disturbance appears to have led to spruce 
domination through promotion of advance regeneration (Qinghong and Hytteborn 
1991, Fraver et al. 2008). The regeneration strategy of birch at Pallas-Ylläs being 
highly reliant on sprouting (personal observation) also suggests limited opportunity 
for sexual reproduction. Furthermore, browsing damage at Pallas-Ylläs to 
regenerating birch from reindeer is common (personal observation). This represents a 
disturbance agent which is constantly active over relatively large distances, further 
retarding regeneration.  
 
At Dvina-Pinega regeneration takes place under a much denser canopy compared to 
the other to study areas. Disturbance would be therefore expected to be important for 
birch recruitment (Drobyshev 1999, McCarthy 2001), and the birch sapling stratum 
at Dvina-Pinega exhibits some relatively strong clumping. The spruce sapling 
stratum also shows some clumping at a similar scale which is consistent with the 
need for disturbance for recruitment from advance regeneration. Spruce seedlings 
can regenerate under such a closed canopy. This could account for the lack of any 
detected spatial structure at the investigated scales in the spruce seedling stratum at 
Dvina-Pinega. In contrast, birch seedlings are less shade tolerant than spruce and 
thus even the seedling stratum shows some clumping albeit weak. 
 
 In contrast to Pallas-Ylläs, it would appear that the disturbance regime at Dvina-
Pinega is facilitating the sexual regeneration of both spruce and birch. The pressure 
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on birch from reindeer damage is a significant difference with Pallas-Ylläs. In 
contrast to the consistency of the spatial structure across all transects at Pallas-Ylläs, 
the variability between transects which may be due to the disturbance regime being 
more inconsistent, for example due to the influence of drought and insect disturbance 
(Aakala and Kuuluvainen in press, Aakala et al. 2011). Birch is therefore possibly 
utilising the larger gaps. 
 
Variability in the spatial scale of clumps at Kazkim was also observed. This is 
consistent with understanding that the forest in the area is undergoing the senescence 
of a relatively even-aged spruce-dominated stand which regenerated over 300 years 
ago (Aakala et al. 2009). This is fostering large areas of birch regeneration 
translating to a clumped pattern of variable spatial scale in both strata. The spruce 
strata also show a clumped pattern, but the scale is smaller. This is congruous with 
the understanding that spruce can establish concurrently with birch, but may prefer 
the conditions of comparatively smaller gaps (Drobyshev 1999). Shorohova et al. 
(2009) and Lilja et al. (2006) suggest that it may take several centuries after stand 
clearance for structure to stabilise. In the long-term absence of further severe 
disturbance, it is likely that more localised disturbance could shape the stand spatial 
structure at Kazkim to resemble that at Pallas-Ylläs, with a spruce gradually 
regaining dominance (Drobyshev 1999, McCarthy 2001).  
 
That no significant spatial cross-correlation between regeneration and overstorey was 
found at any study area was somewhat expected. Lundqvist and Fridman (1991) 
found that the number of Norway spruce seedlings and saplings was not significantly 
affected by local stand basal area. Similar results have also been obtained by Saksa 
and Valkonen (2011).  If gap and patch disturbance are indeed the main drivers of 
regeneration then some spatial segregation of the strata could perhaps be expected. 
However, the dominant tree stratum is naturally sparse in primeval spruce forest in 
northern Europe and has many discontinuities which are related to resource levels. At 
northern latitudes the light changes caused by gap formation can be expressed 
outside the physical gap due to oblique sun angles (Ban et al. 1998, Kuuluvainen 
1998, McCarthy 2001) which could also affect spatial relationships.  At all study 
areas a significant limiting factor may be below ground competition, especially for 
nitrogen, rather than light (Kuuluvainen 1994, McCarthy 2001). The changes in root 
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competition within gaps are poorly understood and may be highly variable spatially 
(Kuuluvainen 1994, McCarthy 2001). The spatial structure of the canopy may not 
therefore correspond to actual resource heterogeneity affecting the regeneration 
(Bazzaz and Wayne 1994). Resource heterogeneity within gaps is also affected by 
microsite diversity, and the interaction of canopy gaps and microsites may also 
influence spatial cross-correlation of canopy basal area and regeneration.  
 
The influence of seed production is often overlooked as significant control on 
regeneration. The abundance of seed producing adults can be very variable which 
could affect which regeneration very strongly. The timing of seeding, and the 
copiousness, fecundity and predation of the seed are also important variables with a 
strict temporal reliance due to the seed bank being of limited influence in the boreal 
zone (Hokkanen 2000, Valkonen and Maguire 2005).  
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4.5 Conclusions and management implications  
 
The results provide further evidence for the notion that regeneration in primeval 
spruce forests is subject to a highly complex set of interdependent factors, all of 
which demonstrate great temporal and spatial variability. Disturbance microsites 
appear to be important for establishment, but other factors may have increased 
significance for regeneration survival at Kazkim and Pallas-Ylläs. This was not 
demonstrated at Dvina-Pinega where a significant difference with the other areas is 
degree of canopy closure. No spatial segregation was found, however, between the 
canopy and regeneration at any area. This indicates both the complexity surrounding 
the physical delineation of gaps at northern latitudes compared to temperate forests 
and that controls on regeneration do not operate in isolation. 
 
Stability and developmental trajectories are impossible to predict from single time-
point case studies, but spatial structure gives a better indication of long-term 
processes than more traditional gap delineated studies (Larson and Franklin 2006). 
At Pallas-Ylläs birch was highly dependent on sprouting and had extensive pressure 
from browsing. Despite the apparent continuity of the disturbance regime shown by 
the spatial structure of spruce in both strata, this has not allowed sexual birch 
regeneration. Based on our findings, the current disturbance regime (Caron et al. 
2009, Aakala et al. 2009) combined with the influence of reindeer probably favours 
spruce recruitment in Pallas-Ylläs, with birch possibly being able to survive in the 
stools. The larger scale disturbances and variable spatial structure at the other areas 
raises questions of stability, and of the spatiotemporal typicality of such events 
regionally. At Kazkim the conditions ushering the profuse birch regeneration 
currently recorded would be expected to lead to birch comprising a larger share of 
stand. In the Dvina-Pinega area the high share of spruce in the overstorey and the 
findings from this study (little birch regeneration) suggest that past gap dynamics 
(Aakala et al. 2011) have favoured spruce. However, the recent larger disturbance, 
which ended in 2004, killed a considerable proportion of trees (on average, 21%). 
This may have created conditions more suitable for birch recruitment, which is 
limited to gaps. 
 
36 
 
This study has shown that considerable deviation exists within the natural range of 
variability of the processes and conditions studied in northern primeval spruce 
forests. Further study is needed to confirm the typicality of the findings. Assessing 
the typicality of the findings is necessary to fully understand the full extent of the 
range of variability in the studied processes across the region to provide a baseline 
for forest management and conservation initiatives which aim to more closely mimic 
the effects of the natural disturbance-succession coupling at different areas.  
 
Current management models, based on fire dynamics, are too simplistic for non-
pyrogenous northern regions of the boreal forest and truncate the developmental time 
of the forest (Angelstam and Kuuluvainen 2004). This is significant, as such forests 
are considered to host significant levels of biodiversity (Kuuluvainen 2002, 
Kuuluvainen 2009). Alternative management initiatives, which aim for maintenance 
of multi-scale diversity, must be informed by the best possible understanding the full 
range of disturbance-succession relations with regeneration. Furthermore, the impact 
of a changing climate on forest disturbance and regeneration is poorly understood 
and the role of climatic effects remains unclear. Non-pyrogenous areas of the 
northern European primeval forest are therefore likely to reveal further complexity 
with ongoing study. The question of whether such understanding can be efficiently 
translated into alternative management procedures remains unanswered. 
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